Metds and Rss We evaluated 117 patients (mean age, 63±9 years) with ischemic ST-segment depression during treadmill testing. Each patient underwent T1-201 myocardial perfusion single-photon emission computed tomography (SPECT) after exercise followed by 24-ambulatory ECG monitoring. Patients were divided into silent versus symptomatic cohorts and were compared for the degree of hemodynamic, exercise and ambulatory ECG, and thallium abnormalities during stress testing. Analyses were repeated as the patient population became increasingly restricted. Compared with the silent patients, patients with chest pain during exercise had a shorter exercise duration (P<.009), lower peak heart rate (P=.009) and double product (P=.005), lower heart rate threshold for ST depression (P<.05), more episodes of ambulatory ST-segment depression (P<.05), a higher fre-T he clinical significance of exercise-induced chest pain remains controversial. A variety of previous studies,1-6 including a large follow-up study by Cole and Ellestad,1 have demonstrated that the induction of chest pain conveys an adverse prognosis in coronary artery disease (CAD) patients. However, a variety of other studies have indicated that silent and symptomatic ischemia are associated with a similar angiographic magnitude of coronary disease,7-10 similar functional abnormalities during stress testing,9-12 and/or similar prognostic findings.13-18 These discordant results cannot be attributed to the evaluation of small patient populations. Rather, among studies of 250 patients or more, the number reporting a similar magnitude of abnormalities among silent and symptomatic patients15'16.18 versus the number reporting more abnormality among symptomatic patientsl13'5'6 were nearly quency of ischemia abnormalities during T1-201 SPECT (P=.02), and higher summed 11 reversibility scores (P=.002). As the population became increasingly restricted, the relative magnitude of differences in silent versus symptomatic cohorts diminished, whereas the absolute magnitude of ischemic abnormalities progressively increased in both cohorts. For example, within the restricted group having ischemia on both exercise and ambulatory ECG, 50% of the silent cohort had severe ischemia on TI SPECT (five or more reversible defects) and more than one third demonstrated the ominous finding of transient left ventricular dilation after exercise.
Conclusions The induction of chest pain is associated with substantially more functional abnormalities when it is analyzed in a relatively "broad-spectrum" coronary artery disease population; by contrast, chest pain tends to lose its apparent value as a clinical test parameter when its analysis is restricted to coronary artery disease populations with a greater a priori likelihood of manifesting inducible ischemia. These findings may help resolve some of the previous discordant literature reports. (Circulation. 1994; 89:.1958 -1966 Key Words * ischemia * tomography * exercise .
chest pain equal. Thus, the cause(s) for this discordance among studies remains unresolved. We previously noted that different forms of selection bias may affect the perceived significance of test parameters.19-26 For example, "pretest" and "posttest" referral biases are biases that powerfully influence the measurement of test parameters.'9-21 Along these lines, it is notable that the significance of exercise-induced chest pain has been studied in widely different populations, ranging from asymptomatic patients without documented CAD at one extreme1 to the study of patients having only documented CAD and a severe magnitude of exercise-induced ischemia at the other extreme.14 Hence, we developed the following prospective study to assess the functional significance of silent versus symptomatic ischemia during exercise testing and to evaluate the effect of common selection biases on this assessment.
Methods

Patient Population
The patients for this study were recruited from those routinely referred to our laboratories for stress-redistribution thallium single-photon emission computed tomography (SPECT) over a 14-month period. We prospectively recruited a random sample of patients from among those who satisfied the following two entry criteria: (1) they had documented coronary disease based on angiography or the occurrence of prior myocardial infarction or a high (>80%) pretest probability of coronary disease, based on Bayesian analysis of clinical symptoms, risk factors, and results of exercise electrocardiography27 and (2) they manifested an ischemic ECG response during exercise testing. Patients with an uninterpretable ECG for ST analysis were excluded, including those with significant resting ST-segment abnormalities, conduction abnormalities, left ventricular hypertrophy, and those on digoxin. Each recruited patient was required to undergo additional 24-hour ambulatory ECG monitoring. Recruited patients who did not reliably record chest pain symptoms in their diary during ambulatory monitoring (five patients) also were excluded from this study. There were 117 patients who satisfied all criteria. These included 103 men and 14 women with a mean age of 63±9 years (range, 39 to 83).
Exercise Testing
Maximal exercise treadmill testing was performed using the standard Bruce protocol. The ECG was monitored continuously in three leads during exercise using leads aVF, V1, and V5. A 12-lead ECG was recorded at rest, during each minute of exercise, at peak exercise, and during each minute after exercise for at least 5 minutes or until all exercise-induced ECG changes disappeared. The exercise ECG response was considered ischemic when planar or downsloping ST-segment depression was .1 mm in magnitude from the baseline or upsloping depression was .1.5 mm at measurements obtained 0.08 seconds after the J point. Blood pressure was recorded using a cuff sphygmomanometer at rest, at the third minute of each exercise stage, at peak exercise, and at 2-minute intervals after exercise. Exercise was terminated by the physician if severe angina, high-grade ventricular arrhythmia, or exertional hypotension occurred during stress testing. Patients were instructed to withhold P-blocking medication for 48 hours, calcium channel blocking agents for 24 hours, and long-acting nitrates on the day of testing (139 patients [92%] complied with this request).
Ambulatory ECG
All patients underwent ambulatory ECG monitoring, usually immediately after the conclusion of the stress-redistribution thallium study in the laboratory (median, 1 day; range, 0 to 61 days, with 93% tested within the same week). Ambulatory monitoring was performed for either 24 hours (87 patients) or 48 hours (30 patients ). An AM recorder was used (Cardiodata MK4) with automatic calibration of the ECG signal with a 1-mV square wave signal at the start of the recording. This recorder has a frequency of 0.05 to 100 Hz/s. After careful skin preparation, two exploring bipolar leads were attached to the V5 and modified inferior electrode positions. Patients were instructed to carry out their usual daily activities and to fill out a comprehensive structured diary,28 including the occurrence and time of each episode of chest pain.
The calibrated 24-hour ambulatory monitor tapes were visually analyzed by an experienced technician at 60 times real time using an operator-interactive Cardiodata MK4 computer. Episodes of transient ST-segment depression on ambulatory ECG were considered ischemic when horizontal or downsloping ST-segment depression of >1 mm or >1.5 mm upsloping ST-segment depression persisted for at least 60 seconds. 29 Measurements were made at 0.08 seconds after the J point and compared with the isoelectric baseline at the PR interval. Separation of one episode from the next required that the ECG return to baseline for at least 3 minutes after an earlier episode. For data analysis, baseline strips and representative strips for each ischemic episode were saved and printed at real time. Blinded interpretation of all recordings was performed by two independent physicians, with resolution of disagreements by consensus interpretation of the two observers. The time and heart rate at onset, duration, and magnitude of ST-segment depression and the presence or absence of chest pain were noted for each episode of transient myocardial ischemia during ambulatory monitoring. In patients who were monitored for 48 hours, only the first 24 hours were considered for analysis.
Thallium-201 SPECT
Three to four millicuries of thallium-201 was injected intravenously at near-maximal exercise. Imaging was initiated approximately 6 minutes after the injection of thallium, beginning with a 5-minute planar image in the anterior view followed by tomographic imaging.30 Thirty-two projections (40 seconds) were obtained over 1800. Redistribution imaging was repeated at 4 hours and at 24 hours if a stress defect was persistent at 4 hours. A large-field-of-view scintillation camera containing 75 photomultiplier tubes and a 0.25-in. (0.64 cm) sodium iodine crystal, equipped with a low-energy, all-purpose hole collimator was used. The raw data were initially smoothed with a 9-point weighted averaged algorithm, and filtered back-projection was then performed using a low-resolution, fifth-order Butterworth filter with a cutoff frequency of 0.20 cycles per pixel to reconstruct transverse axial tomograms, each of 6.2-mm thickness, encompassing the entire heart. Vertical and horizontal long-axes tomograms parallel to the long and short axes of the left ventricle were extracted from the filtered transaxial tomograms.
Blinded experienced physicians interpreted all short-axis and long-axis tomograms displayed on transparency film. The intensity of each image was normalized to the maximal pixel value in that image. Thallium-201 myocardial tomograms were divided into 20 segments: 6 evenly spaced regions in the apical, midventricular, and basal cuts of the short-axis views and the two apical segments of the midvertical long-axis cut.20 Each segment was scored for intensity of thallium activity using a four-point system: 0, no; 1, mild; 2, moderate; and 3, severe decrease in regional thallium-201 uptake.30 Any poststress segmental score of .2 was considered abnormal. Stress defects with a score of ' 1 at 4 or 24 hours of redistribution imaging were deemed "reversible." A study was considered positive for ischemia if .2 of the 20 myocardial segments showed a reversible thallium defect. For each study, we assessed the number of reversible segments and the thallium "reversibility score," defined as the sum of thallium score in the 20 myocardial segments at stress minus the sum of the segmental scores at 4 hours (or at 24 hours if late imaging was performed). Transient ischemic dilation of the left ventricle after stress was evaluated by comparing left ventricular size on the poststress and 4-hour anterior view planar thallium images. 31 
Assessment of Anginal Presentation
Patients with chest pain syndromes were characterized according to their frequency, precipitants, mode of relief, and course before the performance of testing. Patients were considered to have an increase in symptoms if they reported a recent increase in chest pain frequency or severity.
Coronary Angiography
Selective cine coronary arteriography was performed in multiple oblique projections using the Judkins technique. The results were interpreted by experienced angiographers. Significant stenosis was considered present when there was 250% diameter narrowing of a major coronary vessel.
Statistical Methods
Based on the clinical response to exercise, all patients were divided into those with ST depression and no chest pain during exercise (silent exercise group) and those with ST depression and accompanying chest pain during exercise (symptomatic exercise group). Similarly, for the group of these patients who also had ST-segment depression during ambulatory ECG The results in silent and symptomatic exercise subgroups are listed in Table 3 . Compared with the silent subgroup of 88 patients, the symptomatic exercise subgroup of 29 patients had a significantly shorter duration of exercise (P=.001), lower peak heart rate (P=.009) and exercise thallium abnormalities. Second, we restricted our analyses to only patients who were recently catheterized (within 6 months of thallium testing). Differences in exercise ECG abnormalities persisted, although they were not significant in this sample size, and differences in thallium abnormalities (number of reversible defects and summed thallium reversibility score) remained significantly greater in the symptomatic exercise subgroup. Third, we restricted our analysis to the even more selected population of patients with angiographically documented CAD who had a positive ambulatory ECG response. In this subgroup, the differences between the silent and symptomatic patient subgroups narrowed. For example, both groups now had a similar heart rate threshold for the onset of ST-segment depression with exercise, and the difference in summed thallium reversibility score between the two groups was now mild. Fourth, we evaluated the subgroup of patients manifesting a recent increase in anginal symptoms. Thallium abnormalities of ischemic magnitude remained mildly greater in the symptomatic subgroups, not reaching statistical significance in this very small sample size. Fig 3 compares the summed thallium reversibility score in each of these selected populations.
As the patient population became increasingly selected, there was a progressive increase in the magnitude of the summed thallium reversibility score among both the silent and symptomatic subgroups.
Discussion
In our study, the induction of chest pain during exercise-induced ischemia signified ischemia of a greater severity compared with the induction of silent ischemia. Our results were based on the analyses of hemodynamic responses and multiple markers of myocardial ischemia. Each measurement was concordant in confirming the functional significance of chest pain during the evocation of ischemia. Among hemodynamic parameters, patients with symptomatic ischemia manifested a significantly shorter duration of exercise, a lower peak heart rate, and lower double product. Concomitantly, they manifested a lower threshold for the induction of exercise-induced ST-segment depression _ ) is shown for silent and symptomatic patients in five groups as increasing selection criteria were applied to define the population of interest. There was a substantial difference in the summed thallium reversibility score between symptomatic and silent cohorts for patients having a high likelihood of coronary artery disease (CAD) (P=.002), confirmed CAD (P=.004), or recent catheterization (P=.06) (first three groups on the left). By contrast, in the patients defined on the basis of having a positive Holter or increasing anginal symptoms, no significant differences were noted. Note that the absolute values for the summed thallium reversibility scores increased progressively as the population became increasingly selected. Our results were based on the combined analysis of uncatheterized patients with a high (>80%) likelihood of coronary disease patients as well as patients with angiographically documented disease. By contrast, many other studies limited their assessment to patients with angiographically documented coronary disease only. Accordingly, we also restricted our own analyses to patients with angiographically documented coronary disease only; this yielded the same observations noted for our population at large.
Comparison With Other Studies
There have been markedly discordant results among 18 published studies that compared the significance of silent versus symptomatic ischemia during exercise testingl-18 (Table 6 ). These differences were present regardless of primary end point (frequency of cardiac events, magnitude of myocardial ischemia, and/or extent of anatomic coronary disease). Among the seven largest studies (more than 250 patients per study), four concluded that symptomatic ischemia was associated with a higher frequency of abnormality among primary end points,13-5'6 whereas silent and symptomatic ischemia were comparable in the other three studies. 15,16'18 There was a wide variation in the criteria used for patient selection among these studies. At one extreme, in their large follow-up of 1402 patients, Cole Table 6 . For example, Gasperetti et al9 were probably evaluating a functionally sick population, since 25% of the patients in their study manifested exercise hypotension, and the mean duration of ST-segment postexercise depression was >5 minutes. Generally, however, even based on the variables listed in Table 6 , there was a tendency for the strictest selection criteria to be concentrated among the studies in which silent and symptomatic ischemia were found to be associated with comparable degrees of clinical abnormality.
To mimic selection criteria found in the literature, we also subdivided our patient population into a series of clinical subgroups and compared hemodynamic and ischemic variables in each subgroup. Our results revealed two trends. First, as the patient population becomes more selected, the magnitude of thallium abnormalities tended to narrow between silent and symptomatic cohorts. Second, the more selected the patient population, the greater the magnitude of thallium defect reversibility in both silent and symptomatic patients (Fig 3) . This also was true for other test abnormalities. For example, there was a progressive decline in peak heart rate and peak systolic blood pressure and a progressive increase in ST-segment depression duration after exercise as well as a progressive increase in the frequency of transient left ventricular dilation after exercise, as silent ischemic patients were culled from progressively more selected subgroups. Thus, our results confirm the trend that is suggested from our literature review: As patients become increasingly selected toward a higher a priori likelihood of developing ischemia, there is a tendency for chest pain to lose its significance as an additional differentiating factor in patient assessment.
A further subanalysis of previously reported studies provides further support for this conclusion. In three of the studies cited in Table 6 Comparison of Silent and Symptomatic Ischemia During Ambulatory ECG Symptomatic ischemia also was associated with more test abnormalities compared with silent ischemia during ambulatory ECG monitoring in our study. However, the magnitude of differences was less than those noted for silent versus symptomatic ischemia during exercise testing. These ambulatory test results parallel the majority of 10 prior ambulatory ECG studies that compared silent versus symptomatic ischemia during ambulatory ECG monitoring,32-4' including two studies that showed symptomatic episodes to be associated with greater test abnormality3334 and five others that showed a strong tendency toward support of this finding. [35] [36] [37] 3940 More striking in our data was the scintigraphic findings linking the presence of ambulatory ST-segment depression per se-whether silent or symptomatic-to a severe magnitude of inducible ischemia. Thus, even among patients demonstrating silent ischemia only during ambulatory ECG monitoring, over one third of these patients manifested transient ischemia dilation of the left ventricle after exercise and one half also demonstrated reversible thallium defects in five or more myocardial segments. These results help explain reports regarding the adverse prognosis associated with ST-segment depression during ambulatory ECG monitoring. [42] [43] [44] Study Limitations Evaluation of the prognostic significance of chest pain would have been of further interest in our study. Along these lines, as emphasized elsewhere,2' increasing caution must be exercised in interpreting the results of follow-up when "interventional referral bias," the preferential selection of sicker patients for revascularization, becomes prevalent. For example, Falcone et al'6 concluded that there was a similar frequency of cardiac events in patients with silent and symptomatic ischemia in their study, but nearly twice as many symptomatic patients (45% versus 24%) were referred for revascularization. This may have resulted in a preferential lowering of cardiac event rates in the symptomatic group of patients. Second, Cole et al reported a doubling of cardiac event rates when chest pain was induced at low versus high exercise workloads, but our study and most other prior studies have provided no measurable quantification of chest pain to confirm this possibility. We did, however, identify a small cohort with increasing anginal symptoms who appeared to form a functionally sick cohort in our study (Fig 3) . Similar 
